Autoantibodies against cytochrome P450 side-chain cleavage enzyme in dogs (Canis lupus familiaris) affected with hypoadrenocorticism (Addison’s Disease) by Boag, Alisdair et al.
RESEARCH ARTICLE
Autoantibodies against Cytochrome P450
Side-Chain Cleavage Enzyme in Dogs (Canis
lupus familiaris) Affected with
Hypoadrenocorticism (Addison’s Disease)
Alisdair M. Boag1, Michael R. Christie2,3, Kerry A. McLaughlin2, Harriet M. Syme4,
Peter Graham5, Brian Catchpole6*
1 The Royal (Dick) School of Veterinary Studies, University of Edinburgh, Easter Bush Campus, Midlothian,
United Kingdom, 2 Division of Diabetes & Nutritional Sciences, King’s College London, Hodgkin Building,
Guy’s Campus, London, United Kingdom, 3 School of Life Sciences, University of Lincoln, Lincoln, United
Kingdom, 4 Department of Clinical Sciences and Services, Royal Veterinary College, Hawkshead Lane,
North Mymms, Hatfield, Hertfordshire, United Kingdom, 5 Faculty of Medicine and Health Sciences,
University of Nottingham, Sutton Bonington, Leicestershire, United Kingdom, 6 Department of Pathology and
Pathogen Biology, Royal Veterinary College, Hawkshead Lane, North Mymms, Hatfield, Hertfordshire,
United Kingdom
* bcatchpole@rvc.ac.uk
Abstract
Canine hypoadrenocorticism likely arises from immune-mediated destruction of adrenocor-
tical tissue, leading to glucocorticoid and mineralocorticoid deficiency. In humans with
autoimmune Addison’s disease (AAD) or autoimmune polyendocrine syndrome (APS), cir-
culating autoantibodies have been demonstrated against enzymes associated with adrenal
steroid synthesis. The current study investigates autoantibodies against steroid synthesis
enzymes in dogs with spontaneous hypoadrenocorticism. Coding regions of canine
CYP21A2 (21-hydroxylase; 21-OH), CYP17A1 (17-hydroxylase; 17-OH), CYP11A1 (P450
side-chain cleavage enzyme; P450scc) and HSD3B2 (3β hydroxysteroid dehydrogenase;
3βHSD) were amplified, cloned and expressed as 35S-methionine radiolabelled recombi-
nant protein. In a pilot study, serum samples from 20 dogs with hypoadrenocorticism and
four unaffected control dogs were screened by radio-immunoprecipitation assay. There
was no evidence of reactivity against 21-OH, 17-OH or 3βHSD, but five dogs with hypoadre-
nocorticism showed immunoreactivity to P450scc compared with controls. Serum samples
were subsequently obtained from 213 dogs diagnosed with hypoadrenocorticism and 110
dogs from a hospital control population. Thirty control dogs were randomly selected to
establish a threshold for antibody positivity (mean + 3 × standard deviation). Dogs with
hypoadrenocorticism were more likely to be P450scc autoantibody positive than hospital
controls (24% vs. 1.2%, respectively; p = 0.0016). Sex was significantly associated with the
presence of P450scc autoantibodies in the case population, with 30% of females testing
positive compared with 17% of males (p = 0.037). Significant associations with breed (p =
0.015) and DLA-type (DQA1*006:01 allele; p = 0.017) were also found. This cross-sectional
PLOS ONE | DOI:10.1371/journal.pone.0143458 November 30, 2015 1 / 16
OPEN ACCESS
Citation: Boag AM, Christie MR, McLaughlin KA,
Syme HM, Graham P, Catchpole B (2015)
Autoantibodies against Cytochrome P450 Side-Chain
Cleavage Enzyme in Dogs (Canis lupus familiaris)
Affected with Hypoadrenocorticism (Addison’s
Disease). PLoS ONE 10(11): e0143458. doi:10.1371/
journal.pone.0143458
Editor: Jan S Suchodolski, GI Lab, UNITED STATES
Received: August 25, 2015
Accepted: November 4, 2015
Published: November 30, 2015
Copyright: © 2015 Boag et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.
Data Availability Statement: All relevant data are
within the paper and its Supporting Information files.
Funding: This study was supported by the
Biotechnology and Biological Sciences Research
Council as an industrial CASE PhD studentship
(Grant number: BB/G0169921), with Dechra Ltd. as
the industrial partner. Co-funding was generously
provided by the Petplan Charitable Trust (Grant
number: 09-04). The funders had no role in study
design, data collection and analysis, decision to
publish, or preparation of the manuscript.
study indicates that P450scc autoantibodies are present in a proportion of dogs affected
with hypoadrenocorticism.
Introduction
Canine hypoadrenocorticism is characterised by a deficiency in production of corticosteroid
hormones (usually cortisol and aldosterone) by the adrenal gland. The condition has been
identified to have a moderate to severe impact on dog health and welfare affecting a wide range
of popular breeds [1], and there is interest in the dog as a potential model of human disease
[2,3]. Hypoadrenocorticism can be a challenging disease for veterinarians to diagnose; animals
often present with waxing and waning non-specific clinical signs, including lethargy, anorexia,
polyuria/polydipsia, vomiting and diarrhoea [4–7] that can become acutely life-threatening as
a result of electrolyte disturbances [6,8,9]. Diagnosis of hypoadrenocorticism relies upon use of
the ACTH stimulation test, whereby a deficiency in cortisol secretory capacity is demonstrated
[5,10].
Dogs have a relatively high incidence of spontaneous hypoadrenocorticism, compared with
other species, with reports of up to 100-fold higher disease prevalence compared with humans
[5,8,11–13]. Some breeds of dogs (e.g. Portuguese water dogs, standard poodles and West
Highland white terriers) show increased susceptibility to the disease, suggesting that genetic
factors play a role [6,8,13–16]. Recent evidence supports an autoimmune pathogenesis for
canine hypoadrenocorticism, with susceptibility linked to immune response genes including
MHC class II, CTLA4 and PTPN22 [14,15,17–21]. Histopathology of adrenal glands from dogs
affected with hypoadrenocorticism indicates lymphocytic adrenalitis leading to adrenocortical
atrophy [22–26], suggesting an autoimmune pathogenesis similar in nature to human autoim-
mune Addison’s disease (AAD) [2]. Furthermore, use of indirect immunofluorescence has
demonstrated the presence of adrenal autoantibodies in dogs affected with hypoadrenocorti-
cism [23,27].
The presence of circulating autoantibodies is regarded as an important indicator of autoim-
mune disease [28–30]. In dogs affected with hypothyroidism, autoantibodies have been identi-
fied against thyroglobulin, thyroid peroxidase, thyroxine and triiodothyronine [31–35], similar
to those seen in human lymphocytic thyroiditis [36,37]. There are differences in frequencies in
autoantibodies in human and canine disease, and also between breeds in dogs. For example,
thyroid peroxidase autoantibodies are found less commonly in dogs than man, with prevalence
estimates for thyroglobulin autoantibodies of between 20 to 50%, and up to 85% in some breeds
[31,32,37,38]. In canine diabetes mellitus, autoantibodies against insulin [39], proinsulin [40],
GAD65 and IA-2 [41] have been documented, similar to the autoantibody specificities seen in
human type I diabetes [42].
The presence of serum autoantibodies in human patients suffering from AAD has long been
recognised [43]. The primary autoantigen in AAD appears to be 21-hydroxylase (21-OH), with
specific autoantibodies present in around 90% of patients at diagnosis [44,45]. In addition,
autoantibodies against 17-hydroxylase (17-OH), the cytochrome P450 side-chain cleavage
enzyme (P450scc) and 3-β-hydroxysteroid dehydrogenase (3βHSD) have also been described
[11,46,47].
The aims of the present study were to investigate whether antibodies against adrenal auto-
antigens, specifically enzymes of the corticosteroid synthesis pathway, are present in dogs
affected with hypoadrenocorticism, and to assess the relationship between autoantibody status
and clinical features of the disease.
Autoantibodies in Canine Hypoadrenocorticism
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Materials and Methods
Study population
Residual serum samples from dogs affected with hypoadrenocorticism, were collected, follow-
ing completion of diagnostic testing, performed either by the Royal Veterinary College (RVC)
Diagnostic Service (Hatfield, UK) or NationWide Laboratories (Poulton-le-Fylde, UK). Two
hundred and thirteen dogs were identified as having hypoadrenocorticism, based on either
clinical and diagnostic laboratory records that demonstrated cortisol deficiency (cortisol
concentrations< 27.6 nmol/L) in the ACTH stimulation test with no known prior use of glu-
cocorticoids (n = 150), or that had been diagnosed with hypoadrenocorticism previously and
were being sampled for monitoring of steroid-replacement therapy (n = 63). For all samples,
all other available laboratory records were assessed to allow the most robust phenotyping possi-
ble and dogs were only included if there was evidence that the clinician in charge of the case
was satisfied of a diagnosis of hypoadrenocorticism and the dog was treated accordingly.
Although not commonly measured, dogs that demonstrated low endogenous ACTH (indica-
tive of secondary hypoadrenocorticism) were excluded. Twenty samples with ACTH stimula-
tion test results consistent with a diagnosis of hypoadrenocorticism were selected for the initial
pilot experiment, based on blood sampling within three months of diagnosis, and also to cover
a range of breeds, ages and sex. Serum samples were obtained from a relatively small number
of dogs (n = 4) affected with trilostane-associated (iatrogenic) hypoadrenocorticism, identified
on clinical records including results of ACTH stimulation testing.
Serum samples were also collected from dogs affected with hyperadrenocorticism (n = 58)
during ACTH stimulation testing for monitoring of treatment with trilostane (Vetoryl1,
Dechra Veterinary Products Ltd., Sansaw, UK). Specific information was not available relating
to the initial diagnosis, relying instead upon veterinary practitioners’ ability to make appropri-
ate diagnostic, treatment and monitoring decisions. Serum samples from a hospital control
population (n = 110) were residual following completion of diagnostic testing, and were col-
lected from dogs with no prior history of endocrinopathy or immune-mediated disease.
The Royal Veterinary College Institutional Ethics and Welfare Committee approved the use
of residual clinical samples, taken for diagnostic purposes, for research with informed owner
consent. NationWide Laboratories has approval for utilising residual clinical samples for devel-
opment of diagnostic assays, provided that UK data protection legislation is observed.
Cloning of canine adrenal autoantigen genes and production of
recombinant protein
Canine adrenal tissue was obtained from a dog undergoing routine necropsy, following eutha-
nasia for non-adrenal disease, with informed owner consent for use of tissue for research pur-
poses. Tissue was preserved in RNAlater1 (Ambion, Huntingdon, UK) prior to RNA
extraction (GenElute™Mammalian Total RNA Kit; Sigma-Aldrich, Poole, UK) and cDNA syn-
thesis (ImProm-II™ Reverse Transcriptase, Promega, Southampton, UK) performed according
to the manufacturer’s recommendations.
Primers (see the table in S1 Appendix) were designed to amplify coding sequences of selected
canine adrenal autoantigen genes; CYP21A2 (21-OH; NM_001003335.1), CYP17A1 (17-OH;
XM_535000.4), CYP11A1 (P450scc; XM_535539.4) andHSD3B2 (3βHSD; NM_001010954.2)
by PCR from canine adrenal cDNA using Easy-A High Fidelity PCR Cloning Enzyme (Agilent
Technologies, Santa Clara, CA, USA). Amplicons were cloned into the pSC-A vector (Agilent
Technologies, Santa Clara, CA, USA), then sub-cloned into the pTNT™ (Promega, Southampton,
UK) or pVAX1 vector in One Shot Top10Fʹ E. coli (Life Technologies, Paisley, UK). Plasmid
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DNAwas isolated from recombinant bacterial cultures using the PureYield™ Plasmid DNAMini-
prep Kit (Promega, Southampton, UK).
The TNT1Quick Coupled Transcription/Translation System (Promega, Southampton,
UK) was used to produce recombinant radiolabelled protein according to the manufacturer’s
instructions. Briefly, reactions consisting of 40 μL Master Mix (containing T7 RNA polymerase
for pVAX1 constructs or Sp6 RNA polymerase for pTNT constructs), 4 μL 35S labelled methio-
nine (Perkin Elmer, Cambridge, UK), approximately 1 μg plasmid DNA, made up to 50 μL
with molecular biology grade water were incubated for 90 min at 30°C in a water bath. The
amount of radioactivity incorporated into 1 μL of the translated protein was determined by
scintillation counting, following precipitation with 10% trichloroacetic acid (Sigma-Aldrich,
Poole, UK).
Analysis of recombinant protein products by SDS PAGE and
autoradiography
Aliquots of radiolabelled translate representing each potential autoantigen (20,000 counts per
minute; CPM) were diluted in 20 μL of SDS-PAGE loading buffer for separation by SDS-PAGE
on 4–12% gradient gels with MES running buffer using the Invitrogen Bis-Tris mini-gel system
(Life Technologies, Paisley, UK). After separation, proteins were fixed in the gel with methano-
lic acetic acid (20% methanol, 10% acetic acid) for 30 min and gels washed with water. Gels
were then soaked in Kodak ENLIGHTNING™ Rapid Autoradiography Enhancer (Perkin
Elmer, Cambridge, UK) for 30 min and dried on a vacuum gel dryer. The gel was then placed
in an X-ray film cassette directly in contact with Kodak BioMax1MR film (Sigma-Aldrich),
with squares of Tracker Tape to help align the film with the gel after developing and left to
expose at -80°C for 24 h. Films were then developed and aligned with the PAGE gel to deter-
mine relative molecular weights of the bands on the film.
Radioimmunoprecipitation assay
The radioimmunoprecipitation assay was performed as previously described [41] with some
modifications. Briefly, radiolabelled recombinant protein (20000 CPM radioactivity) was
diluted in IMP dilution buffer (10 mMHEPES, 150 mMNaCl, 20 mMmethionine, 10 mM
benzimadine, 0.5 mg BSA, 2.5 mL 0.5% Triton X-100; all Sigma–Aldrich, Poole, UK) to give
20 μL per reaction, then filtered using a 22 μm filter prior to incubation with 10 μL serum in
triplicate wells at 4°C overnight in V bottomed 96-well plates. In parallel, a separate 96-well
opaque filter plate was blocked overnight with 100 μL/well of 2 mg/mL BSA in phosphate-buff-
ered saline (PBS) and washed twice with IMP buffer prior to use. Ten microlitres of a 50%
slurry of protein A sepharose beads (Sigma–Aldrich, Poole, UK) was added to each serum/
translate mix and incubated with agitation for 20–25 min. The immunoprecipitate was care-
fully resuspended, transferred to the filter plate and washed five times with IMP buffer and
once with molecular biology grade water. Following drying, 100 μL MicroScint™ (Perkin Elmer,
Cambridge, UK) was added and radiation measured using a Chameleon™ V plate reader
(Hidex, Turku, Finland). For each plate, the positive and negative controls, identified during
initial screening, were in a standard position and all other samples for that plate were intro-
duced in a random, coded order, without their disease status being identified.
The relative autoantibody reactivity was calculated to allow inter-assay normalisation of
data as follows: (CPMsample—CPMnegative_standard) / (CPMhigh_standard—CPMnegative_standard) ×
100. Negative and high standards were defined in the first screening experiments and used for
all subsequent plates. All triplicates with a coefficient of variation (CV) greater than 0.5 were
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manually checked, intra- and inter- assay CVs were calculated on all data. The threshold value
for autoantibody positivity was set at the mean + 3 × SD of controls (n = 30).
Statistical analysis
Data were organised in Microsoft Excel 2010 version 14 (Microsoft Corporation, Redmond,
WA, USA) and statistical analyses performed using SPSS Statistics for Windows, version 20.0
(IBM Corp, Armonk, NY, USA). GraphPad Prism version 6.02 (GraphPad Software Inc., CA,
USA) was used for presentation of results. Categorical data were analysed using contingency
tables, with Chi squared or Fisher’s exact test used for comparisons. Continuous data was
tested for normality by manual inspection of histograms, Q-Q plots and Shapiro-Wilk [48].
For normally distributed data, comparisons were made using two-sided unpaired Student’s t-
tests, or ANOVA with post-hoc Bonferroni correction for multiple comparisons. Data not nor-
mally distributed were analysed using the Mann-Whitney U test or Kruskal-Wallis H test. Sig-
nificance was accepted at p< 0.05.
Results
Cloning and expression of canine adrenal antigens
The selected genes (CYP21A2, CYP17A1, CYP11A1 and HSD3B2) were successfully amplified
from the canine adrenal cDNA (Fig 1A). Full length coding sequences were cloned into both
pTNT and pVAX1 vectors and sequencing revealed each to be consistent with corresponding
sequences in the CanFam3.1 dog genome assembly. (See: http://www.ncbi.nlm.nih.gov/
genome/85) Use of recombinant plasmid DNA in the in vitro transcription and translation sys-
tem demonstrated production of recombinant radiolabelled protein of the anticipated sizes for
all constructs, but with an additional smaller band present for canine 17-OH, by autoradiogra-
phy (Fig 1B).
Fig 1. Amplification and expression of canine adrenal autoantigens. (A) Coding regions of selected canine adrenal steroid synthesis enzymes were
amplified and cloned. Shown are PCR results of (1) screening primers and (2) cloning primers for canineCYP17A1 and (3) screening primers and (4) cloning
primers for canineCYP11A1. M, molecular weight ladder (Hyperladder I, Bioline, London, UK). Image has been cropped for ease of interpretation; the original
image, with extra cDNA samples represented by extra lanes, is available as S1 Fig. (B) Autoradiograph of radiolabelled recombinant canine adrenal
autoantigens. The coding regions of (1) canineCYP21A2 (21-hydroxylase; 55 kDa), (2) CYP17A1 (17-hydroxylase; 57 kDa), (3)HSD3B2 (3β hydroxysteroid
dehydrogenase; 42 kDa) and (4)CYP11A1 (P450 side-chain cleavage enzyme; 60 kDa) were cloned into the pVAX1 vector and 35S-methionine radiolabelled
recombinant protein expressed in an in vitro transcription and translation assay. Translates were subjected to SDS-PAGE and exposed to X-ray film for 24 h.
doi:10.1371/journal.pone.0143458.g001
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Screening of sera against adrenal antigens reveals P450scc
autoantibodies
An experiment was performed to investigate autoantibody reactivity to the recombinant canine
adrenal antigens with sera from dogs affected with hypoadrenocorticism (n = 20). These dogs
were selected from all the samples collected based on blood sampling within three months of
diagnosis, and covered a range of breeds, ages and sex. Control dogs (n = 4) had no known his-
tory of endocrinopathy, autoimmune disease or neoplasia. No difference in immunoreactivity
was seen, comparing cases and controls for 21-OH, 17-OH and 3βHSD (Fig 2A–2C). In con-
trast, reactivity to P450scc was seen in a proportion of cases (Fig 2D), using the mean + 3SD
CPM of the control values as the threshold for positivity. Five cases of hypoadrenocorticism
were considered to be P450scc autoantibody positive, consisting of a German shepherd dog,
beagle, lurcher, Great Dane and Polish lowland sheepdog, with an age of onset between 1 year
and 4 years 7 months and comprising three females and two males.
P450scc autoantibodies in dogs affected with adrenal disease
The P450scc radioimmunoprecipitation assay was optimised for construct design, expression
conditions, type of precipitation, volume of serum and incubation times. It was found that
using SP6 RNA polymerase with the canine CYP11A1 sequence cloned into the pTNT vector
produced the best yield of recombinant radiolabelled protein and that immunoreactivity was
best determined with 10 min incubation of 10 μL serum with 20,000 CPM recombinant pro-
tein, subsequently precipitated with Protein-A sepharose.
To more fully characterise the P450scc autoantibodies in the dog population, sera were col-
lected from four groups of dogs; a population of dogs affected with spontaneous hypoadreno-
corticism (n = 213), dogs affected with hyperadrenocorticism (n = 58), dogs with iatrogenic
hypoadrenocorticism following trilostane therapy (n = 4) and a population of hospital patients
with no evidence of endocrine or immune-mediated disease (n = 110). Thirty of the hospital
patients were randomly selected to act as the reference population to set the positive threshold
value (mean ± 3SD); the other 80 dogs from this group acted as the control population for the
autoantibody prevalence analysis.
There was evidence for increased P450scc autoantibody reactivity in the dogs affected with
hypoadrenocorticism (Fig 3A). Due to the large number of plates assessed, inter-assay variabil-
ity was normalised using negative and positive control sera. There was significantly greater
P450scc immunoreactivity in the dogs affected with hypoadrenocorticism compared with the
hospital control population (p< 0.001; Fig 3B). There was no significant difference in autoanti-
body prevalence comparing the group of dogs selected on the basis of ACTH stimulation test
results (n = 150) and those with a prior diagnosis of hypoadrenocorticism that were undergo-
ing sampling for monitoring purposes (n = 63) and these two populations were combined for
subsequent analysis. There was no significant difference comparing the hospital controls and
the other two disease groups. Fifty one (24%) of the dogs affected with hypoadrenocorticism
were considered to be positive for P450scc, based on the threshold set. One dog within the hos-
pital control group, an 8 year old male Rottweiler affected with a sinonasal epithelial cell
tumour, was considered to be weakly positive. There was one dog in the hyperadrenocorticism
group that was considered positive, an 8 year old female neutered miniature poodle.
P450scc autoantibody status and clinical parameters
Neither age at diagnosis nor time from diagnosis to sampling had a significant effect on auto-
antibody status. Sex was significantly associated with the presence of P450scc autoantibodies
Autoantibodies in Canine Hypoadrenocorticism
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Fig 2. Radioimmunoprecipitation assays with canine sera against recombinant radiolabelled adrenal
antigens. Radioactivity (counts per minute; CPM) for hypoadrenocorticism cases (n = 20; filled boxes) and
control (n = 4; open boxes) serum samples after immunoprecipitation with recombinant canine (A) 21-OH; (B)
17-OH; (C) 3βHSD and (D) P450scc. Data are shown as mean + SEM. Hatched line represents positive
threshold (mean + 3SD of control samples), with values above this indicated (*).
doi:10.1371/journal.pone.0143458.g002
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(p = 0.037), with 30% of affected female dogs testing positive, compared with 17% of males
(odds ratio = 2.05, 95% confidence interval = 1.06–3.96). Breed classification was significantly
associated with autoantibody prevalence (p = 0.015). Crossbreed dogs demonstrated P450scc
antibody prevalence of 27%, similar to the population as a whole (24%), whereas West High-
land white terriers had a lower autoantibody prevalence of 5% and collies had the highest prev-
alence of 50%.
Fig 3. Serum antibodies to canine P450scc in radioimmunoprecipitation assay. (A) Scatter plot from a representative 96-well plate showing P450scc
immunoreactivity (counts per minute; CPM, mean of triplicate wells) in serum samples from hospital control dogs (Control; n = 11) and dogs affected with
hypoadrenocorticism (HypoAd; n = 19). Negative standard (triangle) and positive standard (square) serum samples were identified from initial autoantibody
screening experiments and were used on every plate for normalisation purposes. (B) Relative P450scc autoantibody reactivity in control dogs (n = 80), dogs
affected with spontaneous hypoadrenocorticism (HypoAd; n = 213), dogs affected with hyperadrenocorticism (HAC; n = 58) and dogs with iatrogenic
hypoadrenocorticism (iHAd; n = 4). Circles represent normalised values for each individual serum sample in the P450scc radioimmunoprecipitation assay.
Mean + 3SD line represents the threshold positive value established from a reference population of 30 canine control patients.
doi:10.1371/journal.pone.0143458.g003
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Relationship between dog leukocyte antigen (DLA) genes and P450scc
autoantibody status
The differences in P450scc antibody status comparing breeds suggest that genetic factors might
play a role in the response to this adrenal autoantigen. DLA haplotype information was avail-
able for 129 dogs [17]. Forty eight different haplotypes were represented, made up of 23
DLA-DRB1, eight DLA-DQA1 and 23 DLA-DQB1 alleles. No associations were found with
P450scc autoantibody status across all haplotypes (p = 0.467), DLA-DRB1 (p = 0.142) or
DLA-DQB1 (p = 0.222). However a significant association was found with DLA-DQA1006:01
(p = 0.017; Table 1). A post-hoc analysis revealed that the haplotype DLA-DRB1015—
DQA006—DQB1023 containing this allele was associated with increased risk (OR = 2.36;
95% confidence interval = 1.21–4.60). No effect of DLA homozygosity was observed
(p = 0.807).
Discussion
The four genes of interest, CYP21A2, CYP17A1,HSD3B2 and CYP11A1, were expressed at the
mRNA level in canine adrenal tissue, allowing PCR amplification, cloning and expression of
recombinant radiolabelled proteins for use in serology testing of dogs affected with hypoadre-
nocorticism. With the exception of a small number of non-synonymous single nucleotide poly-
morphisms that did not affect the predicted protein sequence, the constructs matched the
coding sequences of the respective genes in the CanFam 3.1 dog genome assembly. When
expressed, the canine radiolabelled recombinant proteins were of the anticipated size, with the
exception of 17-OH, where a second, smaller, band was also seen. The in vitro transcription
and translation system can mis-prime on alternative start-codons (ATG, encoding methio-
nine), creating nonsense (if out-of-frame) or truncated (if in-frame) proteins, which might
account for this second band. There are 29 possible alternative start codons in the cloned
sequence, one of which (starting at position +304) is in frame with the intended start codon
and would generate a truncated protein (amino acids 102–508) of approximately 45 kDa, con-
sistent with the observed additional band.
The choice of this particular radioimmunoprecipitation assay for the present study was pri-
marily based on its routine use for human autoantibody serology testing, with its high sensitiv-
ity and specificity allowing relatively low levels of autoantibody to be detected [49]. There was
also previous experience of using this radioimmunoassay for detecting autoantibodies in sera
Table 1. DLA-DQA1 association with P450scc autoantibody status.
DQA1 (n) Number positive (%) P value Odds Ratio (95% CI)
001:01 (n = 77) 13 (16.9) Baseline Baseline
002:01 (n = 9) 2 (22.2) 0.653 1.407 (0.262–7.553)
003:01 (n = 14) 0 (0) 0.206 NaN
004:01 (n = 11) 0 (0) 0.162 NaN
005:01:1 (n = 16) 5 (31.3) 0.294 2.238 (0.665–7.532)
006:01 (n = 78) 27 (34.6) 0.017 2.606 (1.223–5.557)
009:01 (n = 22) 4 (18.2) 1 1.094 (0.318–3.768)
021:01 (n = 1) 0 (0) 1 NaN
Number (n) shown beneath each allele. Percentage positive in brackets next to the number positive.
Signiﬁcant association is shown in bold text.
NaN: not a number. CI: conﬁdence interval
doi:10.1371/journal.pone.0143458.t001
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from diabetic dogs [41]. It has been reported that canine 21-OH autoantibodies can be detected
in serum samples by ELISA and that approximately 20–30% of dogs affected with hypoadreno-
corticism are autoantibody positive [50]. It was therefore anticipated that a proportion of the
hypoadrenocorticoid dogs selected for screening would demonstrate immunoreactivity to
21-OH. However, none of the 20 sera from the dogs affected with hypoadrenocorticism
assessed showed any reactivity above that seen with the control dog samples. Although the
radioimmunoprecipitation assay used in the present study would be expected to have better
reliability for detecting low titre autoantibodies, there are potential technical issues in terms of
production of the recombinant protein used in the assay. Misfolding or aggregation of the
recombinant protein might interfere with antibody binding to conformational epitopes. Cyto-
chrome P450 enzymes have a tendency to aggregate, due to their hydrophobic membrane asso-
ciated region [51,52]. However, a comparable human 21-OH construct was used alongside the
canine assay to screen sera from autoantibody positive and negative AAD patients (with thanks
to Simon Pearce, University of Newcastle), which indicated that the assay was technically
sound. Alternatively, it is possible that the difference in 21-OH autoantibody reactivity is
related to differences in the case populations in the UK compared to the USA, with different
environmental or breed factors affecting autoantibody reactivity to this particular antigen,
although this is considered unlikely.
There was a lack of immunoreactivity seen with sera from affected dogs against canine
recombinant 17-OH and 3βHSD, autoantibodies against these particular adrenal antigens are
less frequently found in human AAD patients compared with 21-OH [11,46,47]. The most
interesting finding from the initial autoantibody screen was the immunoreactivity to canine
P450scc in a proportion of cases (5/20). The P450scc autoantibody assay was repeated with the
same serum samples and this finding was consistent. The presence of such autoantibodies
argues in favour of an immune-mediated pathogenesis in canine hypoadrenocorticism and
implicates P450scc as a potential target for the autoimmune response against the adrenocorti-
cal tissue.
P450scc is the rate-limiting enzyme in the synthesis of all steroid enzymes and is associated
with the inner mitochondrial membrane [53]. In mammalian species, it is expressed predomi-
nantly in the adrenal gland, ovaries and placenta, with relatively lower expression in the testes
[53,54]. In humans, there is also limited expression in mammary tissue, cervix, liver, uterus
and lung with small amounts in the skin and vagina [55], as well as in parts of the brain [56].
P450scc autoantibodies are uncommon in healthy humans [47,57–59] with the highest preva-
lence detected in female patients suffering from ADD and premature ovarian failure (POF)
[46,47,59,60], followed by patients with APS [46,57,58,60–64].
When a larger population of dogs affected with hypoadrenocorticism was assessed, 51/213
(24%) were positive for P450scc antibodies. A wider range of diagnostic criteria were accepted
for inclusion in the P450scc autoantibody analysis than was used in the initial autoantibody
screening part of the study, although this population was largely an extension of the population
reported in genetic studies of canine hypoadrenocorticism [17–19]. There was no significant
difference in P450scc autoantibody prevalence comparing the 150 dogs that had been selected
on the basis of ACTH stimulation test results with the 63 dogs with a historical diagnosis,
where samples were submitted for monitoring of steroid replacement therapy. There was no
evidence that the time between diagnosis and sampling had a significant effect on the autoanti-
body prevalence. A population of dogs with more rigorously characterised hypoadrenocorti-
cism, including access to full history, haematology and biochemistry results, aldosterone and
ACTH concentrations would be extremely valuable for research. However, the passive nature
of sample recruitment for this study precluded such a strategy.
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The majority of serum samples from non-hypoadrenocorticoid dogs assessed were classified
as P450scc autoantibody negative (n = 170) with only two dogs considered to be positive
(1.1%). This large population of negative dogs across a range of breeds, ages and diseases,
including those with other types of adrenal pathology, increases confidence that the P450scc
autoantibody reactivity in dogs affected with hypoadrenocorticism is biologically significant.
This prevalence in non-hypoadrenocorticoid dogs is similar to that reported in healthy human
populations [47,57–59].
The hospital control case that was weakly positive for P450scc antibody might simply repre-
sent a false positive. This dog was affected by a sinonasal epithelial cell tumour, which had infil-
trated the frontal cortex. Such tumours can be locally invasive as well as metastatic [65],
including metastasis to the adrenal glands [66]. It is therefore conceivable that the source of
P450scc antigenic stimulation in this dog might be from adrenal metastatic disease or from
within the brain itself, as P450scc is expressed in the cortex, the basal ganglia and, to a lesser
extent, in the olfactory bulb [56]. The patient classified as P450scc autoantibody positive within
the group of dogs affected with hyperadrenocorticism demonstrated P450scc immunoreactiv-
ity well above the threshold. The sample from this dog was submitted for monitoring of trilos-
tane therapy, but with no further information or history provided. Since it is estimated that
15–20% of dogs affected with hyperadrenocorticism have adrenal dependent disease [67], it is
possible that this miniature poodle developed P450scc antibodies as a result of antigenic stimu-
lation associated with its adrenal pathology.
The age of onset of hypoadrenocorticism in this study population was consistent with that
reported in the literature with a range of 3 months to 11 years with a median of 4 years and 5
months [5,8]. There was no pronounced sex bias in the study population (53.5% female)
although a female predisposition to canine hypoadrenocorticism has been reported [5]. This
might reflect the heterogeneous breed profile of dogs in the present study, compared with
other studies that have focussed on individual breeds. There was a significantly higher propor-
tion of female dogs positive for P450scc autoantibodies (30%) compared with males (17%),
regardless of neuter status. Whilst there is no apparent sex predisposition for hypothyroidism
or thyroglobulin autoantibody status in dogs [32], females are more likely to have thyroid hor-
mone autoantibodies than male dogs [38]. In humans, there is a gender bias towards women
being positive for P450scc autoantibodies, and an association with premature ovarian
failure (POF). It is possible that male dogs are less likely to make P450scc autoantibodies
than female dogs, or that male and female dogs are equally reactive but that females have
enhanced immune stimulation from additional or persistent P450scc expressed by the female
reproductive tract, which maintains production of the autoantibodies, whereas in males, the
autoantibodies wane more quickly as the disease progresses from lymphocytic adrenalitis to
adrenocortical atrophy. Further investigation of reproductive parameters in female entire dogs
affected with hypoadrenocorticism is warranted, with anecdotal evidence suggesting failure of
normal cycling may be present in a proportion of the breeding bitches. As a large proportion of
dogs in the UK are neutered and female entire dogs affected with hypoadrenocorticism are not
usually used for breeding purposes, this could be an under-recognised problem [68].
Despite some dog breeds reported to be more susceptible to hypoadrenocorticism, the wide
range of breeds represented in the present study is consistent with other studies [5,6,8]. Cross-
breed dogs were the most commonly represented in the study population, with West Highland
white terriers, poodles and springer spaniels also highly represented. Some breeds with known
genetic heritability [4,69] were not particularly represented, including the Nova Scotia duck
tolling retriever (n = 0) and Portuguese water dog (n = 2), probably reflective of breed prefer-
ences in the UK. Of the other two breeds with a known genetic heritability, only one of 11 stan-
dard poodles was P450scc antibody positive and none of the five bearded collies assessed were
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autoantibody positive. Despite the relatively large case population, the numbers were low once
stratified for breed, however, breed was significantly associated with P450scc autoantibody sta-
tus. Although there were no autoantibody positive Border terriers (n = 5), Weimaraners (n = 6)
or Rottweilers (n = 4), it is important to note that the numbers assessed were relatively small.
Three of seven Border collies were P450scc autoantibody positive and a further four of eight
dogs reported simply as ‘collie’ were positive, suggesting that there might be an increased prev-
alence of P450scc autoantibodies in collie-type dogs affected with hypoadrenocorticism.
Breed differences in susceptibility to hypoadrenocorticism and P450scc autoantibody preva-
lence suggest there might be underlying genetic factors. Given the importance of MHC genes
in autoantibody reactivity in human AAD [2,70] and an association between DLA-type and
canine hypoadrenocorticism [17,21], the relationship between DLA alleles and P450scc auto-
antibody status was explored. A large number of DLA haplotypes were represented in the case
population, reflecting the breed diversity present [71]. DLA-DQA1006:01 was identified as a
potential risk allele for P450scc autoantibody reactivity. DLA-DQA1006:01 has also been
found to be associated with disease risk for hypoadrenocorticism in springer spaniels, standard
poodles [17] and Nova Scotia duck tolling retrievers (NSDTRs) [21], as part of the DLA-
DRB1015—DQA1006—DQB1023 haplotype. It remains unclear whether the DQA1 associ-
ation is due to a more restricted set of alleles present in this study compared with DRB1 and
DQB1, allowing significant associations to be identified, or whether there is a DQA1-specific
effect on disease risk and/or autoantibody status. There are only two previous reports linking
autoantibody status and DLA-type. In hypothyroidism, DQA1001:01 is more frequently
found in dogs with thyroglobulin autoantibodies (OR = 2.57; 95% confidence interval = 1.28–
5.17) [72]. Also, DLA-DRB1006:01—DQA1005:01:1—DQB1020:01 is associated with
increased antinuclear antibody reactivity in NSDTRs [73]. The current study therefore repre-
sents one of the few studies investigating the genetic basis of the autoimmune response in dogs
with spontaneous disease.
Conclusion
This study is the first description of specific autoantibodies in canine hypoadrenocorticism,
demonstrating the presence of P450scc autoantibodies in a proportion of dogs affected with
hypoadrenocorticism. P450scc autoantibodies are more prevalent in affected female dogs and
the P450scc autoantibody status appears to be related to breed and DLA-type. Further work is
required to determine whether the presence of P450scc autoantibodies is associated with repro-
ductive dysfunction in affected female dogs and whether measurement of circulating P450scc
autoantibodies is of use as part of the diagnostic approach for canine hypoadrenocorticism.
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